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We present the first measurement of the lifetime of the Q2 baryon. The data were
collected in the Fermilab high energy photoproduction experiment E687. The
measured lifetime is 7 = 8613](stat.) £ 28(syst.) fs. Thus the Q has one of the
shorter lifetimes among the weakly decaying singly charmed baryons.

Our collaboration has previously measured the lifetimes[1, 2] of all the
weakly decaying singly charmed mesons and baryons except the QY. finding
Tzo = 10155 £5 fs, 7y4 = 215 £ 16 £8 fs and 7= = 410%5° £ 20 fs.
Recently [3] we have published evidence for the QY decay into Xt K~ K~ 7+
(where the ¥1 hyperon can decay into both channels n7t and pr®) at a mass
mgo = (2699.9 £ 1.5+ 2.5) MeV/c*. Now we present a first measurement of
the Q2 lifetime.

Charm baryon decays are neither helicity nor color suppressed. Therefore
W-exchange and light quark interference effects are expected to play a large



role and can produce significant differences in the lifetimes of the various
singly charmed baryons. Theoretical estimates of the four singly charmed
baryon lifetimes have been made [4, 5, 6, 7]. Also Blok and Shifman [§]
have reviewed the hierarchical problem of the charm baryon lifetimes and
concluded that the Q0 lifetime is either the shortest or the longest of the
set and they conjectured that it may depend upon the importance of the
spin-spin interaction between quarks.

The QY lifetime has never been measured before and it completes the pic-
ture of the weakly decaying singly charmed baryons helping to discriminate
between different theoretical models.

The work presented here is based on the analysis of the decay channel
Q2 — YT K~ K~7" (in this paper references to specific charge states should
be taken to include the charge conjugate state). Data were collected by
the fixed target photoproduction experiment E687 at Fermilab during the
1990-91 run period. Approximately 5 x 10® hadronic triggers were recorded
on tape. The E687 detector, photon beam and reconstruction methods are
described elsewhere [9]. Details on the analysis and selection cuts of the
Q% — ¥t K~ K-t channel can be found in Reference [3].

Even a cursory inspection of the raw proper time distribution indicates
that the lifetime is quite short, comparable to the spectrometer proper time
resolution which is predicted by Monte Carlo to be 70 ~ 80 fs. To successfully
measure such short lifetimes, we have had to modify our normal approach
to the lifetime analysis by taking accurate account of the smearing of the
proper time distribution due to finite vertex resolution and to efficiency and
acceptance corrections. Since smearing will cause some true signal events to
appear to have negative proper time, events with negative proper time have
been included in the fits. Finally, because of low statistics and short lifetime
we are unable to check the stability of our results against the significance of
detachment (L/o) as we have done in previous analyses. We have instead
studied the stability of the fitted lifetimes against the smallest proper time
allowed in the fits, as discussed below.

In the analysis presented here the Xt is observed through its decay modes
to nmT and pr®.

We treat the twofold ambiguity in the ¥t momentum [3] by assigning
a weight equal to 0.5 to each solution in cases where both solutions passed
all selections. This attempts to avoid possible biases in the proper time
distribution. Figures la, b and ¢ show the mass plots for the combined



Y+t — nrt and BT — pr® samples for all proper times, for proper times
greater than -50 fs, and for positive proper times (sample with the best
signal-to-noise ratio) respectively. Since the ¥t — nrt and Xt — pr®
samples are kinematically different, the mass, width, amount of background,
acceptance and detection efficiency are slightly different. Within the signal
region (mg & 20) there are 43.5 events in the ¥t — nn™ sample including
background, and 24.0 events in the ¥+ — pr® sample including background.
The fitted mass and sigma for these two samples are mqo = 2700.0 MeV/c?
and 0 = 5.6 MeV/c* for T — nrt and mgy = 2698.8 MeV/c? and o =
6.4 MeV/c* for ¥t — pr®. These widths are consistent with our mass
resolution. Figures 2a and 2b show the proper time distributions for the
combined sample in the signal region and sidebands respectively. From our
resolutions and backgrounds (Figures 2a and 2b), it is apparent that the
information contained in the negative part of the proper time distribution
cannot be neglected in the lifetime fit and that special care has to be used
to model the acceptance and resolution of the spectrometer.

The number of events in the signal region (defined previously) is n., =
nsig + npr where ng, is the number of actual signal events and ny; is the
number of background events. The actual signal proper time has an ex-
pected probability distribution which is a convolution of an exponential with
a correction function due to the smearing and acceptance which affect the
proper time measurement. The distribution is

o0 1
FO(17) :/0 g(t*,t);e_t/Tdt

where t* is the observed proper time, 7 is the QY lifetime, ¢ is the true proper
time and ¢(t*,t) is the acceptance and resolution function. The function
g(t*,t)dtdt* gives the fraction of events originally generated in an interval
dt around the true proper time ¢t and reconstructed (after acceptance by the
apparatus and distortion by resolution) in an interval dt* around the observed
time ¢*. The integral over ¢ can be approximated by the following sum

POy =3 Lo [0 d
t s T/ )t
(") Zj:Te A 9(t",1)

provided A, the half-width of the bin of true or generated ¢ is small enough
that e=%/7 can be considered constant over the interval (t; —At; +A). We
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Figure 1: a) The mass distribution for the combined sample; b) the mass
distribution for the combined sample for proper times greater than -50 fs; ¢)
the mass distribution for the combined sample for positive proper times.
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Figure 2: The observed proper time (¢*) distributions for the combined sam-
ple : a) in the signal region. The solid circles are the total signal obtained
from the fit while the squares are the background contribution. Note that
the fit results start from ¢* > —50 fs, corresponding to the final choice of %,
(see text); b) in the sidebands. (The sizes of the sidebands are given in the
text).



measure the lifetime using a binned maximum likelihood fitting procedure
(described in detail in Ref.[2]) to the data proper time distribution extended
to negative values and binned at 10 fs. In the binned maximum likelihood
method the likelihood is constructed using a multinomial probability [10] that
the predicted number of events n; in a bin centered around the proper time
¥, matches the observed number of events s;. This is the proper distribution
to describe the bin populations when the total number of predicted entries
in the histogram is fixed.! The likelihood function is

r r

ro Ney! ’ H( n; . Neyln e H

silsgl sl ng, silsgl sl

(r:)*

where s; is the number of experimentally observed events in the i bin of
proper time; r is the number of bins in the proper time distribution and

2iz1 Si = Dizg i = Ne.

The proper time distribution of background in the Q% mass signal region
is constrained by using the level of the high and low sidebands, i.e. (mo—150)
to (mgo — Ho) and from (mg 4+ 5o0) to (me + 150). The number of background

events in the " time bin is nyy Sb’ , where b; is the number of sideband events

in the bin centered at ¢¥, sy = > b; and np is the number of background

events in the signal region (a free parameter of the fit).
Finally we can express the predicted events n; as

Zj f(t;fvtj)e_tjﬁ +In ﬂ
S [t t)e T Sp

n; = (Ney — Nk

where we define

e t+A
= [ ar [ gt
t 13

x5 JEYN

and § is the half-width of the reconstructed proper time bins (6 = 5 fs).
The functions f(t7,¢;), which are independent of 7 by construction, were
calculated by generating ten million events for each decay channel of the ¥+
hyperon using the PYTHIA[13] event generator with JETSET[13] fragmen-

tation. The functions include the acceptance and resolution of the apparatus,

!Since we always normalize the sum of predicted bin populations to the total number
of observed events this leads to exactly the same likelithood distribution as given by the
Poisson likelihood used in our earlier papers.[1, 2, 11, 12]



and possible biases in the measured lifetime such as the pull of the primary
vertex caused by (undetected) recoil charm particles produced with the QY.
Figure 3 shows some of the Monte Carlo generated functions f(¢7,¢;) for the
two samples ¥t — nat (Figures 3a,b) and Xt — pr® (Figures 3c,d). Fig-
ure 3 indicates the presence of a bias towards () measured lifetime in Figures
b) and d) and at most a slight variation in the experimental resolution as a
function of ¢.

An additional factor, the Poisson probability for finding the observed num-
ber of events in the background mass sidebands when the expected number
is anyg, is included in the likelihood to tie the value of ny; to the background
level expected from the sidebands :

e~ AMbk (anbk)sbk

Sbk!

'Cbk =

where « is the ratio of the number of background events in the sidebands
to the number of background events under the peak calculated by fitting
the experimental XK~ K~ 7T mass plot with a second degree polynomial
background function plus a Gaussian. A separate value of « is calculated for
each of the two Xt decay mode samples. The total likelihood function is

+ + 0 0
Lo = L7 X L7 < LP7 x L)

where the superscripts refers to the X7 — nrt and ¥+t — pr® samples
respectively. The free parameters of the fit are the Q2 lifetime 7 and the

numbers of background events in the signal region for the two samples n}f,f

and nfzo. The results of the fits to all events and to events with proper
times greater than a cut value, defined as t7,,, are shown in Table 1. This
lower proper time cut replaces our usual detachment cut for checking the
stability of the fit results. The results are shown graphically in fig. 4. The
upper limit on the fitted ¢, was simply taken as 500 fs, since that range
includes all candidate events within the Q° signal mass region. The last col-
umn in Table 1 shows the results of the Kolmogorov-Smirnov test [14] which
gives an estimation of the consistency between the data and the functional
form of the fitted function. Limited statistics prevents the study with a
1%, above 30 fs. We believe that a statistical fluctuation makes the fitted
Y+t — pr® sample lifetimes shorter than those of the ¥T — nzat sample.
However within the statistical errors returned by the fit, all fitted lifetime



Foula | -
ol |l e ‘ m
L W |
AT
Mﬁ iﬂ H‘” “H
. I M O'Oz i ﬁﬂw Ly
-200 0 200 tr4((:c(;) -200 0 200 t;Z(Z)
0 <tj< 24 fs 264 fs <tj< 288 fs
. C
g H 0.25 I |
CE | 0z | HHH
015 | + 7 |H }
: ﬁ ﬂ 0.15 E | m
S o1l
YA - LH m
0.05 fjﬁ mm 0.05 HHH H
N iy |
-200 0 200 tr4((;(;) -200 0 200 t748:2)
0 <tj< 24 fs 264 fs <tj< 288 fs
9

Figure 3: a),b) Monte Carlo generated resolution function f(¢7,¢;) for ¥t —
ntt; ¢; is the generated or true lifetime, ¢ is the reconstructed or observed

lifetime; ¢),d) Monte Carlo generated resolution function f(¢¥,¢;) for ¥t —

pr.



7(nmt) | 7(pn°) 7 (combined) | nyi(n7t) | nyr(pn®) | Signal/Noise K.S.
5 All values in fs probability(%)
all t* tostil | 71ty 97157 24.6£2.0 | 161£1.7 | 0.48+0.08 50.11
t* > —100fs | 103732 | 693D 93139 219419 | 142416 | 055+0.1 54.77
t* > —50fs | 94%3% 64732 86720 173£1.8 | 115414 | 0.874+0.21 62.51
t* > 0fs 761778 38750 64717 11.0£1.4 | 85£1.3 | 1.404£0.46 53.64
t* > 10 fs 847755 39150 71732 9.94+13 | 76+1.2 | 1.17£0.38 18.51
> 20 fs 86735 43%3) 74%7; 884+13 | 644+11 | 1.08£0.36 18.41
t* > 30 fs 100755 | 37426 s0*3% 78+£1.2 | 5.74£1.0 | 0.79+0.21 50.72

Table 1: Summary of the fitted Q2 lifetimes for different ¢*,,. The values in

the nyp(nmt) and ny(pr®) columns are the background for the ¥t — nr

_|_

and X+ — pr® decay channels respectively, returned by the combined sample

fit.
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values are compatible.? The signal-to-noise ratio worsens as more bins of
negative proper times are included and the signal vanishes as more bins of
positive proper time are excluded (see Table 1). We adopt the sample with
1%, > —50 fs as a compromise between a good signal-to-noise ratio and the
largest possible statistics. The chosen sample also gives a good probability
of the fit based on the Kolmogorov-Smirnov test and the lifetime value is
T = 86737 fs. The solid circles in fig. 2a are the prediction of the fit for the
proper time distribution.

The level of systematic uncertainty was investigated by varying the size
and location of the sidebands, changing the lifetime of the background, chang-
ing the methods of weighting the double solutions, using different bin widths
(10, 20, 30 fs) in the proper time plot, using a Gaussian fit to the f(¢7,1;)
functions instead of the numerical values directly obtained from Monte Carlo,
increasing or decreasing the proper time resolution of the apparatus given by
the PYTHIA-JETSET Monte Carlo by 20%, and using a different event gen-
erator than PYTHIA-JETSET to calculate the f(t7,;) correction functions.
The latter was used to generate specific particles recoiling against the QY :
either a Z0 or a D~ or a mixture of anti-charm particles; the purpose of this
check was to investigate the effect on the lifetime of a possible primary vertex
“pull” depending on the recoil anti-charm particle lifetime. The contribution
of all the above effects is estimated to be £7.7 fs.

The relatively large variations of the fitted lifetimes obtained by using
different %, values indicates a possible systematic uncertainty. We estimate
an upper limit of £12.9 fs for this uncertainty. We directly used the calcu-
lated lifetimes for two different 29 momentum ranges to estimate an upper
limit of the uncertainty introduced by the possible imperfect simulation of
the Q° momentum spectrum. Due to the relatively large difference between
these two lifetimes we obtained a conservative upper limit of £21.7 fs. Also
we calculated a systematic uncertainty of £8.0 fs due to the calculation of
the correction function with limited Monte Carlo statistics. Summing in
quadrature the above mentioned contributions results in a total systematic
uncertainty of £27.6 fs. Finally for this short-lived state, the absorption

?In fact, the two signal region events near t¥,, = 400 fs in Figure 2a are both from the
¥+ — nrtmode. Excluding these two high lifetime points would decrease the lifetime for
the ¥T — natmode by approximately 20 fs.
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correction was found to be negligible. The final value for the Q2 lifetime is
T = 86127 (stat) & 28(syst) fs.

We conclude that the Q2 has one of the shorter lifetimes among the weakly
decaying singly charmed baryons, not one of the longest lifetimes.
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